A W N -

© 00 N O

10
11
12
13
14
15

16

17
18
19
20
21
22
23
24
25
26
27
28
29

30

This paper has been accepted for publicatidB@technique

Strength-dilatancyand citical statebehavious of binary mixtures of
gradedsands influenced by particle size ratio afides content

YukselYilmaz, Ph.D?; Yibing Deng Ph.D? ChingS. ChangPh.D?; Aydin Gokce MSc#

!Professo(ORCID numbe00030001-76307357) Gazi University, Ankara, Turkey;mail:
yyuksel@gazi.edu.tr

2Research Assista@@RCID numbel00000001:53431988, University of Massachusetts Amherst,
Ambherst, MA, USA, email: yibingdeng@engin.umass.edu (Corresponding Author)

*Professof(ORCID number 000@00235955099, University of Massachusetts Amherst, Amherst, MA,
USA, email: cchang@engin.umass.edu

4Lecturer ORCID numbe00000021611-2168), Gazi University, Ankara, Turkeyneail:

agokce@gazi.edu.tr

Abstract:

Binary granular soil mixtures, @mmonheterogeneous soils, are ubiquitous in nature and
mantmade deposit$ines content and particle size ratio are two important gradation parameters for
a binary mixture, which have potential influences orechanical behavious. However,
experimentaktudes on drained sheabehaviourconsideringhe whole range of fines contesntd
different particle size ratioare scarce in the literaturéor this purpose, we performedseries of
drained triaxial compression tests on dense binary silica sand mixtures with 4 different particle size
ratiosto systematically investigate the effects of fines content and particle size ratio on the drained
shearbehavious. Based on these testhgetstrengthdilation behaviourand critical statéehaviour
were examined. It was observed thhath fines content and picle size ratiohave significant
influence onthe stressstrain response, the critical state void ratio, the critical state friction angle,
the maximumdilation angle the peak friction angle, and the streriglifatancy relation.The
underlying mechanisror the effects of fines content and particle size ratio was discussed from the

perspective of the kinematic movements at patrticle level.

Keywords: Laboratory testsSands; Partickscale behaviour; Shear strenditeformation
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1. Introduction

Heterogeneousoils are ubiquitous in nature and marade deposits. These soils are
generally composed of a binary mixture of large particlessamall particles, such as graveand
mixtures and sandilt mixtures which are commonly encountered in dams, fills, faatiez, and
landslides The mechanicabehaviourof binary soil mixtureshave been found very different from
that of uniformsoil (Carrarcet al, 2009; Chang & Phantachang, 2016; Derkabai, 2016; Jehring
& Bareither, 2016; Salgadet al, 2000)

Finescontent and particle size ratio are two important gradation parameters for a binary
mixture, which distinguished mixtures from uniform soilus, t is important to understand the
effects of fines content and particle size ratidrmmechanicabehaviar of a binary soil mixture.

Many dforts have been made studythe behaviourof binarysoil mixtures.The effect of
fines content on critical void ratibave beerstudied using theexperimentalresultsby many
investigatorge.g., Carrera et al. 2011; Dash and Sitharam 2011; Kwa and Airey 2016; Naeini and
Baziar 2004; Papadopoulou amd ka 200 8; Thevanayagam et al
Ishihara 1995)All these results shosignificanteffects of fines content on critical state void ratio,
which decreaseas fine contentincreases from zerto about 30%. Then, as the finesntent
continues to increase, the void ratimcreases This trend is very useful for thevaluation of
engineering properties of silty saubking thecritical state soil mechanics framework.

The effect of fines content on dilatanfoy silty sands is usually studied by drained triaxial
tests. However, themelimited studies in this arg&arraro et al., 2009; Salgado et al., 2000; Xiao
et al., 2017Patil et al., 2018 Also, in thesestudies, the fines conteawereless than 30%Among
these studies some investigators statddat t he Bol t onds dil atancy
could still be used for silty san@Xiao etal., 2017 with the sam@arameteb: @ % %o 1
where%o, %o , and’ are the peakiction angle, critical state friction angle and maximditation
angle respectivelyb is a dilatancyparameteof 0.436 for Fujian sand with neplastic finesThis
statement needs to berified for the case dhigherfines contenfi.e., greatethan 30%)

The effect of fines content aime critical state friction anglbave been studied by both
drained and undrained triaxial tests. Some investigator found that the @téitalfriction angle

varieswith fines conten{Murthy et al., 2007; Salgado et al., 2000; Xiao et al., 204fije others



60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89

foundthatthecritical state friction angle is independent of fines confBotickovalas et al., 2003;
Ni et al., 2004; Rahman et al., 2014)

Based on these investigations, fines content has been found to have significant influence on
the soil behaviours associated with void ratio such as maximum and mirdensities critical
state line, and normal compression line, etc. For each soil behaviour, investigations indicated the
existence of a transitional or threshold fines content, which is considered to be the boundary between
the behaviour dominated by the coarsetiplass and the behaviour dominated by the finer particles
in binary mixtureThevanaggam et al., 2002; Yang et al., 2006; Chang and Meidani, 2013; Zuo
and Baudet, 2015)The concept of transitional fines content has been broadly accepted in soil
mechanics. The transitional fine content is different for different tselilaviouy usually varies
between 20% and 50%, as discussediny and Baudet (2015The existence of transitional fines
content, however, hasot been discussed in the literature for strergjtatancybehaviouy which
needs to be investigated.

Besides fines content, tiparticlesize ratio is also an important facfor a binary mixture
However,until now, very fewstudiesare available in the literatuegldressinghe effect ofparticle
size ratioon critical statdbehaviourand stragth-dilatancybehaviour Although there arabundant
drained triaxial test results aiity sandsn the literaturethese testesultscannot be used to evaluate
the effect of particle size ratio because plaeticlesize ratio cannot bisolatedfrom other factors
As far as theauthors are awardhere have beeanly a few studies onparticle size ratiaising
discrete element simulatiorfgleda et al., 2011; Zhou et al., 2016; Zhu et al., 2020), in the
literature, there ismattemptswhich have been mada real soil mixture®or glass beads mixtures
to study the effect of particle size rata critical statdboehaviourand stresslilatancybehaviour

The main objective of this work is to investigate dffects of fines content anmrticlesize
ratio oncritical statebehaviourandstrengthdilatancybehaviourof binary granular soilmixtures
For this purpose, a series of drained triaxial compression tests at a constant confining stress (200
kPa) were conducted on dense binary silica samtures Thesebinarymixtures were made up of
5 size classes sandparticleswith various fines contents so that the factor of particle size ratio can
be isolated This paper is organized as followBhe testing program and test resudte firstly
presented. Then the test resaltsanalyzed to observe the effects of fines content and particle size

ratio on the critical state and the strendifatancy characteristics of the mixed graded matérrfed.
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observed patterns are discussed twedinderlyingmechanism for the influences of fines content

and particle size ratio on drained shieanaviouiis discussed.

2. Testing Program

2.1 Testing material

Pasabahce silica sand (herein referred to as silica sand)seleeed to usén this
experimental study. The silica sand is formed as a result of disintegration of magmatic metamorphic
rocks being rich in quartz. The fluvial transportation brought it to actual deposit in Istanbul, Turkey.
By sieving the silica sandjve gradeduniform silica sand were obtained and useth this
experimental studyi.e., #16-#18, #30-#50, #50-#80, #100-#120, and#120-#200,each ofwhich is
the upper sieve number and the lower sieve number. The particlensizpecific gravity of the
samplegobtained by ASTM D85414) are listed in Table 1. A qualitative look at the shape and
surface texture of the individual sand graireredeterminedising the method &-D microscopy.
Fig. 1 shows a series of micrographs of some grains from the silica sands ukedstudy The
sand grains are mostly saingular Based on these micrographs, RoundnBgg for each uniform
sand was calculated using its definitiproposedoy Wadell (1935)and listed in Table 1The
minimum void ratioemin (maximum index density) and the maximum void raiax (minimum
index density) of each uniform silica sand were determambrding to Method 2A of ASTM
D4253 (ASTM D425300, 2006)and Method B of ASTM D4254ASTM D425400, 2006)

respectivelyThe nminimum andthe maximum void ratic of samples are tabulated in Table 1.
. . . E » 0 .

#1005#120[de;=0.150mm)  0-2MmmEu120 4300 (dey= 0.096;mm), Q.2mm
3 el | § o s e

Fig. 1. Micrographs of uniform silica sands of five different particle sizes
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Table 1 Properties of the uniform silica sands of five different particle sizes

Uniform sand Noteg dso (mm) | Roundness  Gs €max | ©min

#1671 #18 Medium sand 1.086 0.36 2.624| 0.901| 0.632

#3071 #50 Medium/Fine sanq 0.424 0.26 2.640| 0.999| 0.698

#5071 #80 Fine sand 0.232 0.17 2.646| 1.102| 0.786
#1001 #120 Fine sand 0.137 0.18 2.652| 1.108| 0.778
#1201 #200 Fine sand 0.096 0.23 2.654| 1.099]| 0.717

Note:'No.#- No.# are the upper sieve number and the lower sieve number respectively for a uniform sand.
2the classification is according to ASTM D483 (2007)

To study the effects of fines content and patrticle size ratio, four sdri@eary mixtures
with four different particle size ratios were prepared by mixing#l®uniform sandwith one of
the otherfour uniform sandsHerein, the #1618 sand iseferredto asficoarse particles and the
other four saller size sand are referred tofifineo particle.For each particle size ratio, tkeries
of binary mixturewere prepared witfines contenf.=0.1, 0.2, 0.3, 0.5, 0.We define ines content
asthe ratio of the mass of the small particle sand to the total mass of a binary mixhisestudy
Particle size ratio is the ratio of the large particle size torttadl particle size in a binary mixture
The particle size distributions of binary mixés with four different particle size ratios are presented
in Fig. 2. The minimum void ratio and the maximum void ratio of four series of binary mixtures
were determined according to Method 2A of ASTM D42&5306)and Method B of ASTM D4254
(2006) respectively. The minimum and the nmaxim void ratios of these binary mixture samples
are tabulated in Table 2.
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Fig. 2. The grain size distributions of binary mixtures with four different particle size ratios: (a}Rafip

(b) Ratio 4.67, (c) Ratier.93, and (d) Ratid1.31

Table 2List of index properties of tested binary mixtures

Size ratid
Symbol | Mixture series| Q 1 4| fc(%)| €max | emn
Q neei

10 | 0.874] 0.603

Rationss | o8 L | 20 [0828] 0566
atioZ. )

430450 30 | 0.8 | 0.54

50 | 0.802| 0.548

70 | 0.873] 0.620

10 | 0.830] 0.571

Ratioagy | TrEH8 Lo |20 (07340508
alio4. ]

450480 30 | 0.703] 0.491

50 | 0.725| 0.501

70 | 0.858] 0.592

10 | 0.795] 0.547

I I Los |20 [0679]0.452
allo/. ]

41004120 30 | 0.635| 0.393

50 | 0.648| 0.463

70 | 0.821] 0.585

10 | 0.797| 0523

Ratio11.31 #16#18 1131 20 | 0.659| 0.408
atiol1. )

41204200 30 | 0.583| 0.335

50 | 0.600| 0.415

70 | 0.776| 0517

Note:1'Q _

is the large particle mean size afd

is the small particle mean size.



134 2.2 Drained triaxial compression testing

135 A conventional triaxial devicerasused to study the drained shbahaviourof binary silica

136 sand mixtures. All tests were performaa cylindrical specimens (50 mm in diameter and 100 mm
137 in height)under theconfiningstres of 200 kPa. A total number 85 triaxial tests were performed.

138 All specimens were prepared by the moist tamping method with the-ooograction technique

139 introduced byLadd (1978) The moist soilwith a moisture content d5% wasplaced in the split

140 mold andhencompacted ta specifiediensityin five layers A 3% undercompaction ratipdefined

141 as the difference in density between successive layers, was used in the sample preparation to
142  improvethe uniformity withinspecimes. The moist tamping method is able to minimize particle
143 segregation because of capillariecauseof the advantage in creatingniform samples and

144  avoiding particle segregation, the moist tamping method using-gondgpaction is preferred in the

145 sample preparation for sassdt mixtures(e.g., Huang et al., 2004; Wei and Yang, 2019; Yang et
146  al., 2006)

147 Note that the minimum and the maximum void ratios of the samples were obtained by using
148 dry sand (according tASTM D425300 (2006) and ASTM D42580 (2006). The initial void

149 ratiosep of all samples after preparatiasingthe moist tamping methodere plotted in Fig3,

150 compaed with the measured values @hin and emax. As shown in Fid, the value ofey for all

151 samples is nearly the same as tha&f which indicates that all samples have same initial relative
152  density of aroun®7%.

2
Ratio-2.56 Ratio-4.67 Ratio-7 93 Ratio-11.31 :_:__‘ :im
L] ! - e 1 -7 - -a — emms’
- X - h g .
Sos. TAa_p-H ] B A_/“ T X A ry
» ool A== -~ N S » P
T 06 -..__...._'_,u'!'- .‘l..._.. !_-_,./ ."l A-ﬁ._.&}#l,-’ 3\6___‘- -
" os CEIEe | | AT | | ReeTara, | ow e
02 — —& — PIRK — —& — BME - —i - BMEX
o‘szllm-lﬁsﬂ‘maﬂx1mmsaﬁaﬁxuﬁaﬂsidﬂm&mmmm1mm&zﬁdﬁxmm1m
Fines content, Fines content, f, Fines content, Fines content,
153
154 Fig. 3. The initial void ratis e of all samples.
155
156 After the sample preparati@md instaktioninto the triaxial cell, the specimerassaturated

157  byflushing withcarbon dioxide gas ariden flushing wittdeaired waterfollowed by backpressure
158 saturation to achieve a val ue ofThékhe sppcimem 6 s B
159 wasisotropically consolidatednderthe desired effective confinirgjressAfter consolidation, the
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specimerwas sheared until failure by compressinggpecimerat a constant vertical displacement

rate of 0.2 mm/mirunder the confining stres8ll samples wereunder a drained conditiciuring

the course of shearin@article breakage was not observediy test. The results of the triaxial

tests are summarized in Table 3.

Major and minor principal effective stresses are denoted layd, . Axial and volumetric

strainsare denoted by andU. Contractive stins are considered positive and dilative strains are

considered negative.

<Table 3Summary results of drained triaxial compression tests on the specimens of binary silica sand

mixtures of various fines contents for four different particle size ratios

Fines Void ratio Shearing
Sample | cont | Init | Consok Onset of Peak Critical Strasl?r:;peak Peak Max. cs
s ent ial dation dilatancy stress | State (CS) friction | dilatancy | fricti
AXi Vol. angle angle on
fe € e € (Y €cs K2 | 5y (%) p0 0 -p0 0 o
#16#18 | - 06| 0.621 0.617 0.663 0.727 95 | -2.6 38.0 11.0 32.8
#16#18 | 10 | 05| 0.583 0.579 0.619 0.692 10. | -25 36.9 9.3 31.6
20 | 05| 0.558 0.553 0.584 0.643 10. | -1.7 36.0 7.7 31.5
#30#50 30 [ 05| 0.531 0.527 0.561 0611 | 82| -15 37.6 9.0 33.6
(Ratio 50 | 05| 0.544 0.541 0.575 0.631 83| -20 38.1 9.9 33.6
2.56) 70 | 0.6 | 0.631 0.626 0.655 0.713 9.0 | -1.6 37.0 8.3 33.1
100 | 0.7 | 0.700 0.696 0.746 0.805 9.4 | -2.7 39.0 11.7 33.6
#16#18 | 10 | 05| 0.562 0.558 0.603 0.665 12. | -25 36.2 8.5 317
20 | 05| 0.499 0.494 0.517 0.569 9.0 | -1.3 36.4 71 31.9
#50#80 30 [ 0.4 | 0.461 0.456 0.471 0503 | 89| -07 36.6 5.2 32.8
(Ratio 50 | 05| 0.512 0.508 0.528 0.559 87| -09 36.8 6.6 33.7
4.67) 70 | 0.6 | 0.595 0.591 0.625 0.690 89 | -21 39.2 9.6 34.5
100 | 0.7 | 0.756 0.752 0.812 0.894 9.2 | -3.2 40.0 12.3 35.0
#16#18 | 10 | 05| 0.542 0.535 0.561 0.601 11. | -15 35.2 8.0 31.8
4100 20 | 0.4 | 0.435 0.428 0.464 0.500 14. | -1.8 34.9 6.7 32.1
4120 30 | 0.3| 0.376 0.370 0.375 0.408 6.5 | -0.03 35.9 4.6 31.3
50 | 0.4 | 0.470 0.465 0.484 0.525 79 | -1.2 38.4 8.2 34.8
(Ratic 70 | 0.6 | 0.598 0.593 0.617 0.677 73| -1.2 38.1 10.1 33.3
7.93) 100 | 0.7 | 0.784 0.780 0.829 0.903 78 | -20 39.9 12.6 35.2
#16#18 | 10 | 05| 0.505 0.502 0.550 0.597 11. | -3.0 38.1 11.0 33.0
20 | 04| 0.404 0.402 0.433 0.484 95 | -1.7 36.9 7.1 31.9
112%% 30 | 03] 0.339 0.333 0.339 0.356 7.8 | -0.03 36.8 4.0 317
50 | 0.4 | 0.422 0.420 0.435 0.459 56 | -0.9 38.4 9.2 33.1
(Ratic 70 | 05| 0.523 0.519 0.544 0.621 57 | -1.32 40.1 12.0 35.2
11.31) | 100 | 0.7 0.734 0.730 0.770 0.865 7.0 2.1 41.1 13.3 35.1




171

172
173
174
175
176
177
178
179

180
181
182
183
184

185
186
187
188
189
190
191

192
193
194

195
196
197
198

3. Test Results

3.1 Stressstrain andvolumetricchange responses

Fig. 4 shows deviatoric stresg(q ., , ) and volumetric strain) versus axial strain
(@) relationships fotthese four series of binary mixturegspectively. As shown in Fig, all
specimengxhibited a softeningehaviouiin the plot of stress versus strainda dilative behaviour
in the plot of volumetric strainersus axial strain. Following the initial slight contraction at a small
axial strain, dilation then commences. After the onset of dilation, it continues during shearing until
the deviatoric stress mobilizes to the peak value. After the peak deviat@®; 8ieestress decreases

andappears tapproach a stable valugicating that a critical state will be reached at larger strains.

Fig. 4 shows that fines conteaffectspeak shear strength and volumetric respofisete is
ageneral trend aheeffect offc on peak shear strengtat low™Q the peak strength is reduced with
anincrease of. until a particulafc termed transitiondlnes contenti is reached; After that a further
increase irfc results inanincrease of the peak strengHterein, the transitional fines contdmtis
defined as theointat which the trendeverses.

Consideringvolumetric responset wasobserved that the curve Gfvs. 3 movesupwards
with increase ofc until reaching aransitional fine contertn, after thatthe curve tends to move
downwards with further increasinfg. For example, folRatio-4.67 mixtures, the curve moves
upwards from the curve d§ = 0 to the top onefd = 30%)with increase of.. Then,with further
increasingdfc, the curve movesdownwards from the top one to the lowest ofae=(100%) This
observation implies thancreasingfc could suppress dilation whefa < f, on the other hand,
increasing. could promote dilation whefg > fi.

Fig. 4 shows particle size ratimassignificantinfluence onthe characteristics of the stress
strain curvefor high fc sampleg(i.e. fc ©50%). However, particle size ratio has little influence for
low fc samplegfc < 30%).

It was observed thdbr high fc samplesjncreasingparticle size ratio intensifiethe post
peak softening othe stresstrain curveqi.e., brittle characteristic It canbe found thatfor the
samples ofRatio-11.31 at highfc, the strain softening is so intense thaexhibits a collapse

behaviourof the stresstrain curves. Correspondingly, visible shear bands were observed in these



199 tests.For lowfc samples, bwever,increasingoarticle size ratidas little influence othedegree of

200 post peak softeningf the stresstrain curve.

201 The reasortould be thatfor low f¢, large particle network domirest thebehaviour The

202 large particles are of same size in the mixtuk®ur different particle size ratg On the other
203 hand,for highf., small particlematrix dominaes the behaviour And the sizes admall particls are

204 dramatically differatin the mixtures of four size ratios

10
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3.2 Stressdilatancy plot

The stressdilatancy evolution of mixtures is presented in Eifpr each particle size ratio.
For clarity, the data fo Ofinandfc Ofi, are separately shown in Fi.

All stressdilatancy plots show that thereas initial nonlinear part of the curve before the
stress ratie- (— 1)j &ehas reachedraund— 0.8 Then,a consistenincrease ofilatancyD
(O ‘Q-j Q-) with anincrease in the stress ratio 1] ngeprior to themaximum dilatancy
Here,nass mean effective stresg ( , ¢, 70)and- isdeviator strain-( - - 70).

OnceDreachesapeak)( ), the curves go backwards,
it approaches to the critical state. Thehaviouis in agreement with that of Erksak sgB&en and
Jefferies, 2004)Li and Dafalias (2000proposed a model to capture theshaviour

As shown in Fig.5, 0 and the correspondingeak stress ratie on the stress
dilatancy plot vary with differerft. Forf. Ofi, addition of fine particle reduces the value®of
and the corresponding . For fc Ofw, further increasingd. rises the values oD  and the
corresponding- . Thisbehaviouragreeswith the effect offines content opeak shear strength
and volumetric response mentioned previously. Theasuredvalues of O and the

corresponding-  will be used to calculate trmaximumdilation angle and the peak friction

angle%o, respectively, which will be discussed in the later section.

16 | Ratio2.56 Increasing f. | Ratio-2.56 |nmj-;.g £ | Ratio-4.67 Increasing f | Ratio-4.67 Incresing £
L1z P 7 _ '_ 27 ] 7
& / /
I D& 4 1 100% 1 1
&= 0% 0% 100%
na J 0% | Y i 1% ] s
. — 1% — 3% — 2% — 9%
N — % — % 3% — 3%
08 04 0 04 08 08 04 ] 04 s D8 04 ] D4 DE 08 D4 D D4 [ E:
D =-dejde, D =-dejde, 3 =-deJjdgg D =-dede,
16 | Ratio-7.93 Increasing f | Ratio-7.93 Irmj;;b | Ratio-1131 Im?r’gfc | Ihtio—lll.31 ; /'
a 121 A 1 1 ///
> /
1 pg 4 i
100%
&= 0% 100% % 0%
04 - 0% - % 1 0% s
o —— 5% 2 A
o ——a0% —— % i .
08 04 0 D4 08 08 D4 0 D4 038 03 04 0 D4 D3 08 D4 0 04 [ 1]
D=-dede, D =-dede, D= dede, D= deJde,

Fig. 5. The stresslilatancy plots for binary mixtures of various fines contents and particleadiae
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4. Analyses of Test Results

Based on the test resulthie critical state void ratio, the critical state friction angle, the
maximumdilation angle and the peak friction angle can be obtaimedthis section, we will discuss
the effects of fines content and particle size ratidghencritical state void ratidhe critical state
friction angle, themaximumdilation angle the peak friction angle, and the streriglifatancy

relation.

4.1 Determinaton of critical state

Critical state (CS) is defined as the state at which the soil continues to deform in shear at
constant stress (effective mean stress and shear stress) and constant (Bidsed® et al., 1958)
In this study, thertaxial tests were performeqgb tothe maximum axial straiim the apparatus (25%).
At this strain, however, the samples have not yet reached the critical state. As suggkktatyby
et al. (2007)andCarrera et al. (2011jt is necessary to extrapolate the sfiefsin data toeach
the critical state. An extrapolation method, usedrgyaratna et al. (2014) and Xiao et al. (2016)
was applied to determine the critical state for our t@stgical examplefor extrapolating the data
to critical statearegiven in Appendix AThe extrapolation is more reliableldcalisation has not
yet occurred at 25% straidowever, he extrapation is not reliablé@ the occurrence dbcalisation
is before 25% axial strain armgtcompaniedavith large nonhomogeneous deformatiémour tests,
localisationwasobserved in some samples (9 out of 25), especially the samples with large particle
size ratios at very high or very low fines contehtghe other 16 samples (mostly in the transitional

region of fines contentpcalisation wasnot observed.

For thesesampleswith localisation the abovementioned method is no longer applicable due
to the nonhomogeneous deformation. Fosétases withocalisation, we have adopted another
methodsuggested by investigatofslarehdasht et al., 2017; Nova, 198Phis method requires
multiple test results frorthe same sample unddifferent confining stressemstead of a single test

to deternme thecritical state Examples usingthe multiple tess methodaregiven in Appendix A.
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4.2 Critical state void ratio

4.2.1Background

The effects of fines content and particle size rafio random close packing density
(corresponding to minimum void ratibave been studies bjcGeary (1961jor steel shots and by
Kwan et al. (2013jor glass beads as shown in FégFig. 6 shows that the minimum void ratio of
a binary packing depends on fines confeand particle size ratidt wasfound that thevoid ratio
of binary mixtureslecrease with increasing particle size ratio, for any given fines content. Similar
results have been found in soil mixtu@dmaz, 2009) The relationship between void ratio dnd
has two features: (1) it is a-Shape curve. The lowest void ratio correspondsttarssitional or
threshold fines content. (#)e curve has two regions separated byrénesitionalffines content. The
region is coars@article dominate region for lowés; and fineparticle dominant region for higher
fe.

03 03
{a) Steel shots
06 06 | W G
@ 5
o :_ 5
® D4 = D4 - " % 14
B2 Size raio o 5O b gg
> 0 34 g increases pariicle sizeraio o 57
02 . T O 48 02 i
ncreases particle sizeraio ¢ 6.7 E 3;
1 A 111 1 -
o Dala frum McGeary (1361) x 167 , |Datasom Knanet . @013) Rt
0 02 04 06 (T} 1 0 02 04 06 (T} 1
Fines content, I, Fines content, I,

Fig. 6. The minimum void ratios of binaryranular mixtures with various particle size ratios: (a) steel shots
and (b) glass beads

The question raised now is whether the special festoreninimum void ratio versuk are
alsoapplicable tccritical state void ratio. There havween a lot of experimental data shown that the
relationship betweems and fc has \(shape characteristi@.g., Carrera et al2011; Dash and
Sitharam 2011; Kwa and Airey2016; Naeini and BaziaR004; Papadopoulou and Tjk2008;
Thevanayagam et ak 0 0 2 ; Yang 2004 ,1®95pRomexample, Bigi showss hi h a
the critical void ratios for five different types of sasitt mixtures. The VWshape characteristics

exhibit inthe relationship betweaeritical void ratioand fines content
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Fig. 7. The critical state void ratios of five different typessahdsilt mixtures with various fines contents

The plots of critical void ratios under the mean effective stjessf 40 kPa in Fig7 were
from five types of binary mixtures with different particle size ratios (ranges7t6in26) (Carrera
et al., 2011; Naeini and Baziar, 2004; Papadopoulou and 2W8; Thevanayagam et al., 2002;
Yang, 2004) Theparticlesize ratio is26 for Stava tailings mixture@Carrera et al., 20115 for
Foundry sanekilt mixture (Thevanayagam et al., 2002)5 for Assyros sandilt mixtures
(Papadopoulou ahTika, 2008) 14 for Hokksund sandgilt (Yang, 2004)and 7.6 for Ardebil sand
silt (Naeini and Baziar, 2004Irig. 7 shows that there is no trenflthe particle size ratio effeoin

the critical state void ratios tiiese mixtures, becausach mixture has different material type.

Thus, in order to study the effect of particle size ratmconstruct the binarpixturesusing
the componentsf the samenaterial type so thdhe effect of particle size rat@an bestudied with
less influence obtherunknown factorsFor this purpose, series ofdrained compressiamiaxial

tests on binary silica sand mixture of the same material type are conducted.

4.2.2The results of €

The results ofcritical state void rati®Q in this studywere plotted in Fig.8a. The void
ratios of samples at the end of testidg were also plotted in this figure for comparison. The
values ofQ andQ for each test are very clodeis observed thahe critical statevoid ratio is

dependent on fines content and particle size ratio.
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298 Consideringthe effect of fines contenthe relationship betweeRd and fines content is a

299 V-shapecharacterOn theleft side,increasingQresults in decreasin@ of the binary mixtureOn

300 the right sile increasingQresults inincreasng ‘Q of the binary mixture. Thi¥-shape patterof

301 fines content influencerasalsoobservedn many experiment investigations on-s#nd mixtures

302 (e.g., Carrera et al. 2011; Dash and Sitharam 2011; Kwa and Airey 2016; Naeini and Baziar 2004;
303 Papadopoulouandi ka 2008; Thevanayagam et al . 2.002,;

304 Consideringhe effect ofparticlesize ratio,as shown Fig8a, the curve 02 vs."Qmoves
305 downwards with increasing particle size rafldie mnimum and maximum void ratiosf these
306 mixtures used in this studijstedin Table2) are plotted inFig.8b and8c. Comparinghe threevoid

307 ratios in Fig.8a, 8b, and8c, it is observed thdhe influences of fines content and particle size ratio
308 onQ are similar tothese or2 andQ , even though, the three density stat@s, Q and
309 Q are achieved bthreedifferent mechanical processd$e similarity betweetthe changes of
310 Q andof'Q due to fines contertias also been found by other investigai@bkang and Yin,

311 2011; Chang and Meidani, 2013; Yin et al., 2014)

12 12 ) - 12
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312
313 Fig. 8. The effects of fines content and particle size ratio on (a) critical state void ratio, (b) mimgitim
314 ratio, and (c) maximum void ratio
315
316 We further investigate the packing potential indices of the three density Btatassystem

317  of mixtures (i.e., mixtures with the same two components of various combinatlmspper and

318 the lower boundsan be defined by particle packing the¢Bhang and Dend020; De Larrard,

319 1999; Furnas, 1931; Westman and Hugill, 1938 void ratios of the binary mixtures with various

320 "Qare between the upper and the lower bounds as the curve ADB shown 9a. Hige packing

321 potential indexmis defined as the ratio of area ADB to area ACB, which is a material descriptor for

322 asystem of mixtureChang and Deng, 2020)his index is a measure of volume reduction potential
16
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due to mixing of two components of a binary mixture system under a packing procedure, which is
a simple salar and can be directly obtained from experimental data. The value of packing potential
indexmis between 0 and 1. The higher valuenphdicates a higher potential of volume reduction

of the mixtures.

The packing potential indesof the three densitgtates'Q ,Q andQ  for the four
particle size ratios are plotted in Figb. It is interesting to observe that, for each size ratio, the
values ofthese packing potential indicag)(,my , andm are nearly identical fathe three
density states} ,Q ,andQ . The value ofrjseems to be affected mainly by the composition
of a mixturebut affected marginally by the mechanical procedures that leads to the three density
states. tlimplies that fines content plays the same role in the reduction of void ratio of a binary
mixturefor these three density states. This particular feature is useful for predicting the critical void

ratios as a function gfarticlesize ratio and fines content.
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Fig. 9. () The definition of packing potential index and (b) packing potential indices for the void ratios of a

system of mixtures at three density states

4.3 Critical state friction angle
The influence of fines content amitical state friction anglec, were presented in FidO.

There are three regions
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(a) Forlow fines contentt ¢y of binary mixtures keeplose tathat of thelarge particlesand
and are almost independent on fines contéhis could be because the resistance at critical state
for these fines contents is dominated by the contastiseenarge particles while small particles
locatedin the voidsare inactive

(b) For high fines content,c, of binary mixtures keep close to that of the fine sand and are
also almost independent on fines content. This could be because the resistance at critical state for
these fines contents is dominated by the contaetereensmall particles while large partides

embeddingn thematrix formedby smallparticles.

(c) Thethird region is a transition regiohey Of binary mixtures is a transition value from
L ov Of thelarge particlesand to- oy of the fine sand. In the transition regiavith increasing fines
contentthe resistance of a binary mixture at critical staigitglly dominated from largpatticle-
to-largeparticlecontactstransitionto largeparticleto-small particlecontactsand finallyto small
particleto-small particlecontacts.

It is noted that in Fig8, the transitional fines content defined asa point (reverse of
behaviouy. Now, in Fig. 10, there is n@brupt change diehaviourfor critical state friction angle
instead,the behaviourchange is gradual. Thusie define a transitiomegion between thdower

transitional fines content artde upper transitional fine content.

As shown in Fig 10, the lower and upper transitional fines contents and the width of
transition regiorvary with different particle size ratio Particle size rationight bea key factor

controlling transition regionas suggested lyeda et al. (2011)

As shown in Fig 10, the transition occurs at lower fines contents with smpHeticlesize
ratios The reasomight be that at smallgrarticlesizeratios the fine particles are too large tarfit
the voids between large particlesnsequentlyhe network of large particles altered by the filled
fine particles. Thus,the resistance of the binary mixture begin to be dominated bydh&acts
between large partici®-small particle at lower fines contents suggested by Shire et(@014)
Therefore, the transition occurs at lower fines contents. At larger particle size ratios, on the contrary,
the fines fit well in the voids between large particles, consequently the network of large particles is
not altered until the voids afelly filled up. Therefore, the transition occurshagjher fines content

for the largeparticle size ratiosompared to that for the small particle size ratios
18
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Fig. 10.The influence of fines content on critical state friction angles of binary mixtures with four different

particle size ratios.

This transitionalbehaviourof critical state friction anglearying with fines contents
consistent withthe influence of fines content oresidual friction anglein experimental
investigationgPolito and Sibley, 2020; Vallejo, 2004)d inthediscrete elemenDEM) simulation
by Ueda et al.(2011)for simple and direct shear tests

However, itwasobservedrom otherDEM simulationsthat the criticaktatefriction angle
is roughly independent of fines content and particle size (&lio et al., 2020and independent of
the particle size distributioifAzéna et al.,, 2017; Yan and Dong, 201IJhe experimental

investigation on glass beads also showed the grading independenaetigalsht et al. (2017).

The independence of fine content 'af could be causeby the fact thathe two particle

componert in a system ahixtures have thesame critical state friction anglen DEM simulation,
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385 the particles normally have identical shape, stiffness, andpatécle coefficient of friction. These
386 identical properesfor the two componentsause thé .y to be independent of fines contetit, in
387 the DEM simulation byUeda et al., (2011}he interparticle coefficients of friction are assigned to
388 be different for the two components, which cause the friction angle to bedéepenfines content.
389 In our tess, the two particle components in a system of mixtures have different critical state friction
390 angles due to the difference in partialegulaity. The fineg components a bit more angular than
391 the coarsecomponenand therefore they is higher for pure fines than pure cogpseticlesHence
392 the value of vis dependent on fines contentour test results

393

394 4.4 Maximumdilation angleand peak friction angle

395 Thedilation anglgly ) was calculated using the following relationship proposeddyyneer
396 and de Borst (1984)

397 OFET —’J )

398 Theresults ofmaximumdilation angley, were presented in Fidla It was observed that
399 fines content has significant influenceps) especially for théarger particle sizeatios, i.e, Ratio-
400 4.67 Ratio7.93 andRatio-11.31 For thesehreeparticle size ratios, the relationship betwgen
401 and fines contenttas anobvious change arourfd = 30% yp decreases with an increase in fines
402 content forfc < 30%, whiley increases with an increase in fines conteni®r30%. The smallest
403 ypoccurred at the fines content of 30F6r theRatio-2.56results, the relationship betwegpand
404 fines contenis different from those of other three ratige decreases with an increase in fines
405 content forfe < 20%. The smallegt, occurred at the fines content of 20%. fcor 20%,y p increases
406 with an increase in fines content in general except f070%.

407 No obvious trend was observed for the particle size ratio effegs fwr fc < 30% However,
408 some trends were observied f 030% At fc = 30%,y, decreases withn increase iparticle size
409 ratio. The trend evolves and becomes opposite whenabove 50%, in whichyp increases with
410 an increase in particle size ratio.

411 Themechanism of the abovementiorteehaviouwill be discussed in the later section.

412 Theresults of pealkriction anglet , were presented in Figlh. For all particle sizeatios, &

413 low fines content; , decreases slightly with increasing fines content. With further increasing fines
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content, p is in transition to approach the of the small particle size sanBut the trend for the

effect of particle size ratio on the ual oft , was not found.

Fig. 11. The influence of fines content on: (a) the maxinditation angley,, (b) the peak friction angle
. p, and (c) the dilatanggarametebi n B o | t d@ilatarey raatian,dos lEnary mixtures with four

different particle size ratios

Bolton (1986)has proposed an empirical formulation to desdhiestresslilatancy relation

given by:
% %o 2)

where parametds is dilatancyparametemwhich implies the contribution of dilatancy to the peak
strength.The values ob were calculated using the above equation and presented irl€ighkre

is little variation in the values d&fat low or high fines content, whichasnsistentvith the statement
made byXiao et al. (2017})hat the effect ofc on the value ob is negligible. HoweverXiao et al.
(2017)observed only on their data of Fujian sand mixture&0r 2.Figo 11c clearly showshat

in the transitional fines conterggion(around 30%), values &fare muchgreaer than thain low
andhigh finescontentregions andincrease with increasing particle size rafibe large values of

b show that the contribution of dilatancy to the peak strength is different between the trarfsitional
region and the other twf regions. The differentontribution of dilatancy to the peak strength
indicated thathe mechnisms of dilatancy must be diffiet between the transitiond region and

the other twd. regions which will be discussed in the following section.

4.5 Transitional fines content
The transitional fine content is different for different dmhaviour Thetransitional fines

contens of Silica sandare listed in Tabld for emin, €max €s ! cv ¥ p, and parametds.
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438 For emin, émax €s, andyp, the curvef the evolutions with fines conteate generally V
439 shape, and thewest points were selectedtransitional fines conteatHowever, for someurves,
440 the V-shapecharacteristias blunt In this casea transitional fines contemegionis estimatedin
441  which the lowest point is located.

442 Fort ¢y, the curve do not havehe V-shapecharacteristi¢seeFig.10). Theshape oturves
443 is two steps connected by a ramphe curve changes gradually from a cogradicle dominant
444  behaviourto a fineparticle dominanbehaviour Thus,we define a transition regidmetween the

445 lower transitional fines content and tingpertransitional fine content as listed in Table 4.

446 For parameteb, Fig. 11c clearly showshat in the transitional fines content region (around
447  30%), values ob are much greater than that in low and high fines content regions, and increase
448 with increasing particle size ratitn this transitional region, thieehaviouris very different from

449 those in other region$hetransitional regios were estimated and listén Table 4.

450 Table4 shows that the transitional fines contesiependent on the type of sbihaviour

451 There is no unique transitional fines content can be defined for a binary mixture.

452 Table 4 Thetransitional fines contents for different soilbehavious with different particle size
453 ratios
Soil beahviour fr fir fir fir
Ratio-2.56 | Ratio4.67 | Ratio7.93 | Ratio-11.31
Emin 30%50% | 20%-50% 30% 30%
Emax 30%50% | 30%50% 30% 30%
es 20%-50% 30% 30% 30%
Lo 20%-30% | 20%50% | 30%50% | 30%70%
Yo 20% 30% 30% 30%
b 10%30% | 20%50% | 20%50% | 20%50%

454

455 5. Discussion orthe mechanism forthe influences of fines content and particle size
456 ratio on drained shearbehaviour

457 A denseuniform sand sample shearing to critical stetrecessivelyxperiences hardening
458 process and softening procgisswhich a shear band is usually occurigge mechanism ending up
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with the formation of shear bands is the buildup of particle columns during the hardening process
and its collapse during the softening prodéssshita and Oda, 2000)

According tolwashita and Oda (2000in the hardening press up to failure, particles are
rearranged in chains to form particle columns aligned in the direction of the major principal stress
axis, and the applied load is mainly transmitted through them in the form of force chains. As shown
in Fig 12a, during thdoading process, the pexisting contacts are lost in the minor principal stress
direction, but new contacts are formed in the major principal stress direction. Consequently, an
elongated void is generated between two neighboring columns. This is thamset causing
dilatancy before failure. Due to the forming of particle columns and the elongated void parallel to
the major principal stress direction, the packing structure becomes highly anisotropic. Such
anisotropic structure becomes gradually unstabtause of the loss of surrounding contact points.
Finally, the particle columns are collapsed via buckling, as shown in Big.The number of
buckled columns increases during the loading process, which eventually leads to a peak stress failure.
After peak stress, a new packing structure isaastructed during the softening process. The main
process now is the continuing buckling of particle columns gradually concentrated in a narrow shear
band, which causes the growth of large voids between buckiihgnos and particle rotation.
Finally, the structure reaches a dynamically stable condition at the critical state. During critical state,
buildup and collapse of particle columns keep equilibrium within persistent shear bands. The
dilatancy is balanced witthe contraction so that the overall volumetric strain remains unchanged,

resulting in a constant void ratio.

{a) | shearing to failure (b)

Fig. 12. A schematic diagram illustratinge mechanism for dilatancga) buildup of particle columns and

(b) buckling particle columns.
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The mechanism for influences of fines content and particle size ratio could be explained
from the perspective of particle column buckliag illustrated in Fig.3

For large particle dominarbinary mixture (i.e. at low f¢), asillustratedin Fig 13a, the
particle columns&remainly formedby large particlesluring the hardening procesmall particles
arefilled between two neighboring columr&nall particledaterallysupport the particle column to
suppress buckling. Consequentlye generation othe elongated void between two neighboring
columnsis limited. As the elongated voitkadsto dilatancy before failure, thereforégtdilatancy
in the binary mixture is smaller than that in the uniform large particle sacr@asing fines content
further suppresdilatancy, consequently ressiin a decreas of the maximumdilation angleas
shown in Figl10a. Although the lateral support provided by the small particles makes the columns
more difficult to buckle, elarge strainthe columns arstill buckled anaconcentrated within a shear
band whichexhibitsalocalised failure.

For the binary mixtures withtransitional fines content (i.&.is around 30%)asillustrated
in Fig 13b, there could bdewer contacts betweelargeparticles owing to beingsurroundedy
smaltparticles. On the other hangmall particles araot yetenough to form a matriXAs a result,
both large angmallparticle colums cannot be built uduring the hardening procegd thisf., the
dilatancy may mainly be caused by particle rearrangement and overriding each othestaharingy
process Hence a smakr level of dilatancy is expectedomparing to that induced by column
buckling Since the dilatancy is caused by the overridingaiticles the level of dilatancyis
proportional tathe size ofparticles. Thereforethe smallest dilatancywas observeth Ratio-11.31
test withfc = 30%, compared wittheother three ratios with thfs (see Figlla). Because there are
no buckling particle columns, shear bandmation isnot as visibleduring the softening process.
As a resultwe observd thata diffusetypefailure is exhibitednstead of docalised failureshown
in Fig. 13b.

For small particle dominariiinary mixtures(i.e. at highfc), a matrixis formed by small
particlesand large particles are floated intaas illustrated in Fig3c. During the hardening process,
the particle columnsare formed by small particlesLarge elongated voids causing dilatancy
gradually grow between two buckling small particle columns.nihmeberof small particle columns

increases with increasirfg Therefore, the dilatancy also increases with incredsirgmilar to

24



512
513

514
515

516
517
518
519
520
521
522
523
524
525
526
527

large particle dominant binary mixtures, small particle dominant binary mixtures exluibaliged

failure because buckling particle columns are eventually concentrated within a shear band.

Fig. 13. The mechanisms for dilatancy and failure of binsagd mixtures in: (a) low fines content region,
(b) transitional fines content region, and (c) high fines content region

As shown in Figlla, the uniform sand with smaller particle size halsighermaximum
dilation angle which wasconsistent with thebservatios on glass beadand Peribonka sand
reportedby Harehdasht et a{2017) Harehdasht et al. (201fgas attributed the increase of dilation
angle to the particle size effect.thre silica sand used in this studye particle roundnegenerally
increass with particle size, thus the effeds caused by both facto particle size andparticle
roundness

At very highfc, the packing structure for the binary sand mixture is nearly the same as that
of uniform finesand. Therefore, in this caseglmer maximum dilation angle was observed for a
mixture with larger particle size ratio (i.emaller sizgoarticle ismore angulain shapg (see Fig.

11a).
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As discussed above, the mechanism for dilatancy in the transitional fines content region is
different fromthatin the regions ofow andhigh fines content. Dilatancy in the transitional fines
content region is governed by particle rearrangement and overriding each other, while diatancy
the regions ofow andhigh fines content is governeg the buckling columns. Therefore, as shown
in Fig. 11c, the values ob, implying the contribution of dilatancy to the peak strength, are clearly

different between theransitionalfc region and the othdg regions.

Conclusiors

In this paper, the effects of fines content and particle size ratith@drained shear
behavious were studied through a series of drained triaxial compression tests ortamgsilica
sandmixtureswith 4 different particle size rat® The critical state and the stngth-dilatancy
behavioumwere analyzed. The mechani$on the effects of fines content and particle size ratio on
drained shedvehavioumwas illustrated. Based on this study the major conclusions can be drawn as

follows.

(1) It was observed that whda< fi, increasingc suppresses dilation, on the other hand,
whenfc > fin, increasindgc promote dilation.

(2) It was observed thabr highfc samplesincreasing particle size ratio intensifibe post
peak softening of thstressstrain curves (i.e., brittle characteristiepr low fc samples,
however,increasingparticle size ratio has little influence d¢ime degree of post peak
softening of the stresstrain curve

(3) Both fines content and patrticle size ratio have sigmifigafluence on critical state void
ratio. It is interesting tanote that e patternof critical state void ratio is similar to that
on minimum and maximum void ratios influenced by particle size rdi@ similar
pattern might imply that fines contepliays the same role in the reduction of void ratio
of a binary mixture for these three density states.

(4) Thevalue oft ¢y of a mixture is influenced by its fines content, which can be divided in
3 regions:(a) at low fines contenegion thet vy values ® binary mixturesareclose to
thet ¢y of large particls; (b) at high fines contemégion thet ¢y valuesof binary mixtures
areclose tothet ¢y of fine particles (c) in thetransition regionthet ¢y valuesof binary

mixturesaretransition fromthet ¢, of the large particle sand tbet ¢, of the fine sand.
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(5) A general trend for theffect of fines content oW, is observedy, decreases with an
increase in fines content far< 30%. But, yp increases with an increase in fines content
for fc > 30%. The smallest, occurred at the fines content of 30%. No obvious trend
was observed for the particle size ratio effecypfor fc < 30%. Howeverat fc = 30%,
there is a clear trend thap decreases withn increase iparticle size ratio. The énd
evolves and becomexppositewhenfc is above 50%, in whichy, increases withan
increasean particle size ratio.

(6) It was found that the parameter n B o | t -dilatadcy selatrorgas a littlevariation
in low andhigh fines contentegions In the transitional fines content region, however,
the parameteb is much greater than that the other two regionand increase with
increasing particle size ratio

(7) The mechanismvas proposed tdlustrate the influences of fines content and particle
size ratio on the drained shelehaviourfrom the perspective of particle column
buckling. Dilatancy in the transitionakgion of fines content is governed ke
rearrangemeraf particle, whichoverride each otherWhereasgilatancyin the regions
of low or high fines content is governed by the bucklofgparticle columns.The
influences of fines content and particle size ratio on dilatancy and valoenothe
Bol t on dddatarscy eqeatoswere explained by the proposed mechani$ime
mechanismexplained in tis paper is only a conjecture, which cannot be verified by
triaxial tests alone. It needs to be further verified by other analysis such as DEM

simulation
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Appendix A: Examplesto determine the critical state
A.1 For samples whoutvisualizedlocalisationat large strain

For a sample without visualized deformaticalisation, we assume théicalisation is
minute and the deformation is relatively uniform for the range of sstea® curve between the

peak stress and the end of test, which can be used to assess the critical state.

The critical state was deterneith byan extrapolatingnethod described hereifihe sample
with Ratio4.67 at 30%f. was aikenas an example shown in Fig. A.1. The critical state friction
angle was firstly estimatedith a stresslilatancy analysis as shown in Fig. A.Iathis analysis,

t he No v dai@asncysrelationshigNova, 1982)was used to fit thaetressdilatancy data of

postpeak stress
- 0 p GO (A.1)

whereM is thestress ratio at critical state aNds a volumetric coupling coefficienfter the values
of M andN wereobtained fronfitting the datathecritical state friction anglé. wasthenobtained

using the relationship @ o0 ¢@ 0 and listedin Table.3

| @ n=M+{(1-N)D
.6 | M=132N=0
| Critical stater
n=M=132 —»
a'? 3
5 | sipo, = o
1]
= s -
B Ratio-4 67
{f=30%)
D T : T T
03 02 01 1} D1 02 D3

Fig. A.1. An example of extrapolating the datadketermine theritical statefor asample without
visualizedlocalisation: (a) stressdilatancy analysiqb) extrapolatedtressstrain curve, and (c)

extrapolatedrolumetric strain curve
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602

603 For conveniencey cosine functiomwasused to extrapolate tip@stpeak stresstrain curve

604 - WE i 3NN - h (A.2)

605 where the super scr ifoppeakstatepandaiitial state, despéativelp. FigbA.h ot e
606 and Fig A.2ashow thatthis cosine function is satisfactoty express the pogeak stresstrain

607 curves.The deviatorstrain- , where the critical state occuraas estimatedby a regression

608 analysis performed on the streggain data from thpeak stress to the end of the t&$te regression

609 analysisminimizesthe sum of squadeerrorsSS
610 YUY B- —-—-h (A.3)

611 where— and- are the measuret! point on the stresstrain curveSubstituting Eq. (A.2) into Eq.
612 (A.l) andthenintegrating with respect to , the expression of volumetric strainas a function of

613 - between peak state aodtical state washtained as follows

614 - o - - — Q3 - (A.4)

615 As shown in FigA.1c and Fig A.2bEq. (A.4) matches the measured results well and can be used
616 to extrapolate the cunad volumetric change responddsing this extrapolation methodhg critical

617 state void ratie for the samples withoutisualizeddeformationlocalisation weredeterminé and

618 listed in Table 3.
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Fig. A.2. Examples of extrapolating the data to determine the critical state for four samples of binary
mixtures without visualizetbcalisation: (a) extrapolated stressain curve and (b) extrapolated volumetric

straincurve.

A.2 For samples w#th visualizedlocalisationat large strain

The sample deformatiorafter the occurrence dbcalisation is not representative ch
uniformly deformedmaterial thus cannot be usedor extrapolaion. Thus for a sample with
visualizedlocalisation, the critical stat@eeds to bealetermined byusing multiple test results
(Harehdasht et al., 2017; Nova, 198R)this study, we ugest results from three different confining
stresses (i.e., 100 kPa, 200 kPa, and 400. k&aluming thathe occurredocalisationis minuteat
peak stress statéhe critical statestress ratidVl was obtainedby fitting the peak points of three
stressdilatancy curvesisingEq. (A.1)as shown in Fig. A.3after the stresslilatancy relationship
for each sample was obtaindtie critical state friction angl#%. was then obtained using the

relationshipip @ o0 ¢@ U and listedin Table 3.

Theinitiation of localisationbegins at peak stress stathelocalisation becomeprominent
afterapoint of maximum curvaturet which thestressstrain curvedeviates from the smooth curve.
After this point, agreateisofteningcommencesrlhe minutdocalisationpropagagsinto a visualized
shearbandwith abruptstress reductiofsee Fig. A.3h)We assume thddcalisation isineffective
andthedeformationis relatively uniformfor the range of stresstrain curvebetweerthepeak stress
and thepoint of maximum curvatureThis portion of measured cunean be used to assess the

critical state.
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As discussed previously, the pgeak stresstrain curve withoutisualizedocalisation can
be expressed by a cosinedtion (Eq. A.2). Hence, this cosine function was also used to extrapolate
the stresstrain curvebetween the peak stress and the poimhaximum curvaturéor the samples
with visualizeddeformationlocalisation. Using Eq. (A.2) vith the determined/ from three test
resultsthe critical stateleviatorstrain- wasestimatedy a regression analysis performed on the
stressstrain data from the peak stress to plment of maximum curvatureThe examples of the
extrapolating stresstrain curvesre shown in Fig. A.3b.e expression of volumetric strainas
a function of- betweerpeak state and critical state walstainedbased on thestablishedtress
dilatancy relationship and the estimated. The examples of the extrapolatinglymetric stran
curves are shown in Fig. A.3dsing this extrapolation method, the critical state void ratios for the
samples withvisualizedlocalisation were determined and listed in Table 3.

Fig. A.3. Examples of extrapolating the data to critical state for the samples with deforntatialisation:
(a) stresglilatancy analysigb) extrapolatd stressstraincurve, and (c) extrapokd volumetric strain

curve
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